S
treptococcus pneumoniae is a leading cause of bacterial infection worldwide, occurring with a high incidence in Sub-Saharan Africa (45) . Annual mortality rates resulting from invasive pneumococcal infection, including bacteremia, pneumonia, and meningitis, are high (58) . One of the risk factors for developing invasive pneumococcal disease (IPD) is HIV infection (25) , occurring among 10.6% of the South African population in 2008 (1) .
The prevalence of S. pneumoniae antibiotic resistance has increased around the world, including in South Africa (3, 20, 23) , not only to penicillin, but also to non-␤-lactam drugs, such as macrolides, tetracycline, chloramphenicol, fluoroquinolones, and cotrimoxazole. The emergence of such antimicrobial resistance complicates the management of pneumococcal infections and may lead to treatment failure (6, 17, 26) .
The development of resistance has heightened interest in preventive measures, such as vaccination. The 7-and 13-valent pneumococcal conjugate vaccines (PCV7 and PCV13), calculated to be cost-effective for many countries (50) , was introduced into the national Expanded Programme on Immunization (EPI) in South Africa in 2009 and 2011, respectively. The vaccines are effective in preventing IPD in children and adults (15, 21, 32, 54) . Most antibiotic-resistant infections are caused by five of the seven serotypes in PCV7 (35) . As such, after the introduction of this vaccine, several studies have reported a decrease in the rate of antibiotic-resistant invasive pneumococcal infections (19, 32, 35, 42, 54) . Related to this, however, is an increase in infections caused by serotypes not included in PCV7, including strains resistant to antibiotics, such as 19A, an important cause of IPD in children (13, 19, 21, 35, 40) . If PCV13 proves to be as effective against serotype 19A as PCV7 has been against PCV7 serotypes, it has the potential to further reduce rates of antibiotic-resistant IPD (19) .
Following its emergence in South Africa in 1977 (23) , the problem of S. pneumoniae resistance to three or more different classes of antibiotics, defined as multidrug resistance, is of increasing global concern. Epidemiologic studies have repeatedly identified recent antibiotic use as the strongest risk factor for resistance among patients with IPD (12) . The majority of studies investigating risk factors for carriage and infection with antibiotic-resistant S. pneumoniae have focused on penicillin resistance. The few studies that have analyzed risk factors for multidrug resistance have documented risk factors as age (Ͻ5 and Ͼ65 years) and previous use of ␤-lactam antibiotics by patients with noninvasive disease (7); antibiotic use in the last month by patients with nasopharyn-geal carriage (27) ; and antibiotic consumption, population density, geographic location, PCV7 serotype, and isolate source from patients with invasive disease (52) .
No systematic evaluation of multidrug resistance has previously been published from southern Africa or a middle-income country with high HIV disease prevalence. Using national, laboratory-based surveillance data over a 6-year period, we aimed to assess risk factors associated with S. pneumoniae multidrug resistance in South Africa and to evaluate the potential benefits of reducing antimicrobial-resistant disease by introducing the higher-valency pneumococcal vaccines.
MATERIALS AND METHODS
Isolates and definitions. From 1 January 2003 through 31 December 2008, S. pneumoniae isolates were collected as part of national laboratorybased surveillance for IPD. National laboratories performing clinical microbiology diagnostic tests submitted reports of laboratory-confirmed IPD together with the corresponding isolates to the National Institute for Communicable Diseases in Johannesburg, South Africa. Repeated isolates received from the same patient within 21 days of the initial isolate were excluded. Basic demographic data were collected for all cases, and for cases that occurred at one of 24 sentinel hospital sites located nationwide, enhanced clinical and demographic data were collected by interview or medical record review. The total population under surveillance in 2008 was 48.9 million persons, based on Statistics South Africa data (51) .
A case of IPD was defined as isolation of S. pneumoniae from specimens from normally sterile sites, such as cerebrospinal fluid (CSF), blood, pleural fluid, or joint fluid, from people of all ages residing in South Africa during the surveillance period.
HIV infection was defined as positive or negative at the time of hospitalization for IPD. According to standard practice in South Africa, HIV testing is requested by admitting physicians when clinically indicated. For patients older than 18 months, this includes screening and confirmatory HIV enzyme-linked immunosorbent assay (ELISA) testing. For children less than 18 months of age, screening involves an ELISA, which, if positive, is followed by HIV PCR testing for confirmation.
Underlying conditions were defined as a medical-record-documented, preexisting history of pulmonary disease, renal disease, cerebrovascular accident, hepatic disease, cardiac disease, diabetes mellitus, head injury, connective tissue disease, asplenia, pregnancy, premature birth, malignancy, burns, gastric acid suppression, aplastic anemia, organ transplant, primary immunodeficiency conditions, chromosomal conditions, protein energy malnutrition, or alcohol dependency, current smoking, or immunosuppressive therapy.
Microbiological analysis. Bacterial isolation and identification were performed using standardized methodologies. All isolates were screened for resistance to penicillin, ceftriaxone, erythromycin, tetracycline, chloramphenicol, rifampin, clindamycin, cotrimoxazole (trimethoprim-sulfamethoxazole), and ofloxacin by disk diffusion (Mast Diagnostics, Merseyside, United Kingdom), and, if resistant, MICs were determined by the Etest (AB Biodisk, Solna, Sweden) or agar dilution. Antibiotic resistance was defined using the Clinical and Laboratory Standards Institute (CLSI) MIC breakpoints for 2009 (8) . Isolates defined as either intermediately resistant or resistant to any of the antibiotics were regarded as being nonsusceptible. Nonsusceptibility to the relevant drugs was therefore defined as follows: penicillin, Ն0.12 g/ml; ceftriaxone, Ն1 g/ml; erythromycin, Ն0.5 g/ml; tetracycline, Ն4 g/ml; chloramphenicol, Ն8 g/ml; rifampin, Ն2 g/ml; clindamycin, Ն0.5 g/ml; cotrimoxazole, Ͼ0.5 g/ml; and ofloxacin, Ն4 g/ml. Penicillin nonsusceptibility was defined using the more conservative CLSI meningeal breakpoints and applied to both meningeal and nonmeningeal isolates, as this analysis was not to guide clinical therapy but to investigate risk factors associated with the acquisition of resistance determinants. Multidrug resistance was defined as nonsusceptibility to any three or more different antibiotic classes, according to the 2009 definitions of the CLSI (8) and various studies (23, 41, 55) . Pneumococci were serotyped by the Quellung method using specific antisera (Statens Serum Institut, Copenhagen, Denmark). Serotypes were grouped into the pediatric serotypes (6A, 6B, 9V, 14, 19A, 19F, and 23F) and nonpediatric serotypes (all serotypes excluding 6A, 6B, 9V, 14, 19A, 19F, and 23F). Additionally, serotypes were grouped according to those in PCV7 (4, 6B, 9V, 14, 18C, 19F, and 23F), PCV10 (those included in PCV7 plus 1, 5, and 7F), and PCV13 (those included in PCV10 plus 3, 6A, and 19A) versus nonvaccine serotypes (all serotypes excluding those occurring in PCV7, PCV10, or PCV13, respectively).
Statistical analysis. Statistical analyses were performed with Stata version 9.0 (STATA Corporation, College Station, TX). The prevalence of multidrug-resistant IPD was calculated as the total number of cases with viable isolates resistant to three or more different classes of antibiotics divided by the total number of cases of IPD with viable isolates in the study.
Using only the cases from enhanced surveillance sites with viable isolates for which case report forms were completed, and which therefore had additional clinical data, univariate and multivariable logistic regression was performed to determine if any independent variables (HIV infection, previous antibiotic use in the last 24 h and in the last 2 months, pediatric serotypes, PCV13 serotypes, age group, gender, province, year, diagnosis, final outcome, specimen type, recent hospitalization, underlying conditions, tuberculosis treatment, cotrimoxazole use, antiretroviral [ARV] use) were significantly associated with the outcome variable, multidrug resistance. The variables with statistical significance of P values of Յ0.1 on univariate analysis were evaluated as potential risk factors for multidrug resistance in the multivariable models using stepwise forward selection. The collinearity and interaction between variables were assessed in the final multivariable model. P values of less than 0.05 were considered to indicate statistical significance in all analyses.
Ethics. Ethical approval for the surveillance program, review of patients' medical records, and patient interviews were obtained from the Human Research Ethics Committee (Medical), University of the Witwatersrand, Johannesburg. Written informed consent was obtained from all patients prior to conducting interviews. 27 ,732 cases of IPD were reported, of which 20,100 (72%) had viable isolates for further testing. Of these, 20,093 (99.9%) had antimicrobial susceptibility data. The majority of viable isolates were from blood specimens (61%; 12,280/20,100), with the remaining being from CSF (34%; 6,773/20,100) and other specimen types (5%; 1,047/20,100). Among patients with viable isolates and available demographic data, 50% (9,868/19,685) were male and the median age was 26 years (n ϭ 19,254) (interquartile range of 2 to 38 years). In children Ͻ5 years of age, the most common serotypes were 14 (15%; 1,027/6,681), 6B (13%; 885/6,681), 6A (12%; 798/6,681), 23F (11%; 753/6,681), 19F (10%; 671/6,681), and 19A (7%; 478/ 6,681). In individuals age Ն5 years, serotype 1 was the most prevalent serotype (18%; 2,356/13,413), followed by 19A (8%; 1,022/ 13,413), 6A (6%; 839/13,413), 4 (6%; 832/13,413), 14 (6%; 805/ 13,413), and 23F (6%; 795/13,413). Serotypes included in PCV7 accounted for 41% (8,213/20 ,093) of all isolates, those in PCV10 accounted for 57% (11,362/20,093) , and those in PCV13 accounted for 76% (15,204/20,093) . Fifty percent (9,980/20,093) of isolates comprised the so-called pediatric serotypes (6A, 6B, 9V, 14, 19A, 19F, and 23F).
RESULTS

Invasive
Of the cases from enhanced surveillance sites with viable isolates for which case report forms were completed, 57% (4,806/ 8,476) were diagnosed with pneumonia, 32% (2,729/8,476) with meningitis, 6% (537/8,476) with bacteremia without focus, and 5% (404/8,476) with other diagnoses. Twenty-eight percent (2,386/8,407) of patients with known outcome data died. Of 5,665 patients with known HIV status, 82% (4,637) were seropositive.
Antimicrobial resistance. The highest levels of antimicrobial nonsusceptibility among isolates from 2003 through 2008 were observed for cotrimoxazole at 55% (10,951/20,094) (Fig. 1) . The prevalence of nonsusceptibility to penicillin was 33% (6,569/20,094). The majority (32%; 6,488/20,094) of these isolates displayed intermediate resistance to penicillin, with only 0.4% (81/20,094) showing high-level resistance. When using CLSI meningitis breakpoints on meningeal isolates only and applying nonmeningitis breakpoints (8) to nonmeningeal isolates, penicillin nonsusceptibility was 10% (2,066/20,094). Overall, 18% (3,644/20,094) of all isolates were nonsusceptible to tetracycline, with 17% showing high-level resistance, 14% (2,873/20,094) of isolates were erythromycin nonsusceptible, and 10% (2,090/20,094) were clindamycin nonsusceptible. Very few IPD isolates were nonsusceptible to rifampin (4%), chloramphenicol (3%), or ceftriaxone (Ͻ1%) (Fig. 1) . In addition, as discussed in detail elsewhere for 2003 to 2006 (53, 56) , very few isolates were fluoroquinolone nonsusceptible, with 0.4% (12/3,329) in 2007 and 0.1% (2/3,327) in 2008.
Trends in pneumococcal resistance. Penicillin nonsusceptibility increased from 23% in 2003 to 38% in 2008 (P Ͻ 0.001) (Fig.  1 ). There were also significant increases from 2003 to 2008 in the proportion of isolates that were nonsusceptible to other antimicrobial agents: tetracycline, 15% to 20% (P Ͻ 0.001); erythromycin, 13% to 15% (P Ͻ 0.001); clindamycin, 10% to 11% (P Ͻ 0.05); and chloramphenicol, 3% to 5% (P Ͻ 0.001). Cotrimoxazole nonsusceptibility decreased overall between 2003 and 2008 (51% to 48%; P ϭ 0.007). There were no significant changes in nonsusceptibility for rifampin and ceftriaxone over this period.
Multidrug resistance. Penicillin-susceptible isolates were likely to be susceptible to most of the other antimicrobials tested. Isolates with intermediate or high-level resistance to penicillin were significantly more likely to be resistant to the ␤-lactam ceftriaxone and to chloramphenicol, clindamycin, cotrimoxazole, erythromycin, rifampin, and tetracycline than when the isolates were susceptible to penicillin.
Of the 20,100 cases with viable isolates, 18% (3,708) were multidrug resistant. Serotypes included in PCV7, PCV10, and PCV13 accounted for 83% (3,072/3,708), 85% (3,153/3,708), and 94% (3,503/3,708) of multidrug-resistant strains, respectively. Additionally, the so-called pediatric serotypes accounted for 91% (3,382/3,708) of MDR strains. The serotype most commonly displaying multidrug resistance was 14 (85%) (Fig. 2) . The overall incidence rate of MDR IPD for 2008 was 1.3 cases per 100,000 population. The age-specific incidence rate for the same year was highest in children age Ͻ1 year at 18.6 cases per 100,000 population. From 2003 through 2008, the percentage of isolates that were multidrug resistant increased significantly from 16% to 20% (P Ͻ 0.001), peaking at 21% in 2007 (Fig. 1) .
In a repeat of the analysis utilizing CLSI penicillin meningitis and nonmeningitis breakpoints (8) for meningeal and nonmeningeal isolates, respectively, the prevalence of multidrug resistance was 16% (3,176/20,094) .
Risk factors associated with multidrug-resistant IPD. In a multivariable logistic regression model, PCV13 serotypes and pediatric serotypes were the two strongest independent risk factors for MDR IPD, with adjusted odds ratios of 6.3 and 12.8, respectively (Table 1) . Compared to adults 15 to 64 years old, children less than 5 years old were at the greatest risk of infection with MDR strains, as were adults Ն65 years old. MDR IPD prevalence was significantly elevated among HIV-infected persons overall and was significant for all age groups except individuals 15 to 64 years of age. Additionally, the following factors were found to be significant independent risk factors for MDR IPD: previous antibiotic use, previous hospital admissions in the last year, provincial location, and tuberculosis treatment (Table 1) .
DISCUSSION
Active laboratory-based surveillance in South Africa from 2003 through 2008 demonstrated that the percentage of multidrug-resistant invasive pneumococcal isolates increased significantly, peaking at 21% in 2007. Overall, the prevalence of multidrugresistant IPD in this study was 18%, equating to an incidence rate of 1.3 cases per 100,000 population in 2008. We identified ages of Ͻ15 years (particularly Ͻ5 years) and Ն65 years, HIV infection, PCV13 and pediatric serotypes, previous antibiotic use, previous hospital admissions, urban location, and tuberculosis treatment as significant risk factors for multidrug-resistant IPD in South Africa over this time period.
As shown in our study and corroborated by numerous other studies (4, 10, 11, 55), isolates with resistance to penicillin are significantly more likely to be resistant to multiple other antimicrobial agents than when the isolates are susceptible to penicillin, suggesting that penicillin resistance acts as a marker of resistance to other drugs. Thus, the increase in penicillin nonsusceptibility from 23% to 38% over the study period was paralleled not only by an increase in nonsusceptibility to tetracycline, erythromycin, clindamycin, and chloramphenicol but also by an increase in the prevalence of multidrug resistance.
Antibiotic resistance patterns are very dependent on local patterns of prescribing and purchasing (29) . The frequency of multidrug resistance in this study is much higher than those reported previously among large numbers of systematically collected invasive pneumococcal isolates from South Africa up to 1998 (16, 22, 33) but lower than levels observed in an international multicenter survey using both limited invasive and respiratory isolates from South Africa in 2004 (14) . The significant increase in multidrug resistance observed over the 6-year period of our study is consistent with trends reported in other prevaccine era studies (10, 22, 55) , suggesting that the problem of MDR IPD is worsening.
The global increase in multidrug-resistant pneumococci appears to result from the spread of a few highly resistant pneumococcal clones within serotypes 6B, 9A, 9V, 14, 19A, 19F, and 23F, the so-called pediatric serotypes, which are particularly associated with carriage and disease in children (28, 33, 39) . As such, in our study, pediatric and PCV13 serotypes were the strongest risk factors for multidrug-resistant IPD, accounting for 91% and 94% of multidrug-resistant strains, respectively. Consistent with a 1994 Zambian pediatric study in which all but one of the multidrugresistant isolates were serotype 14 (57) , this serotype displayed the highest percentage (85%) of multidrug resistance in our study. In another South African study in 1993 to 1995, a higher proportion of isolates from HIV-positive patients compared with HIV-negative patients were serotype 14 (9) . Corresponding to the predominance of pediatric serotype MDR IPD, younger children in our study had a greater risk of multidrug resistance, reflecting both the prolonged duration of carriage of pneumococci in children compared to that in adults and their greater per capita use of antibiotics (30) . Our study additionally corroborates reports of an age of Ͻ5 or Ն65 years as a risk factor for drug-resistant IPD (7, 46) .
HIV infection is a powerful risk factor for IPD, with disease occurrence ranging from 30 to 100 times higher in HIV-infected patients than in age-matched HIV-uninfected individuals (24, 25) . Additionally, pneumococci causing invasive disease among HIV-infected adults (5, 9, 25) and children (38) are more resistant to antibiotics. Our study extends this association to HIV infection and multidrug resistance and may be explained by the propensity of HIV-infected adults to infection with antibiotic-resistant pediatric pneumococcal serotypes (9, 25) , as well as to the increased hospitalization and exposure to antibiotics given as treatment and prophylaxis among HIV-infected patients (37) . Previous hospitalization was confirmed to be a risk factor for MDR IPD in our study (23) , likely due to nosocomial acquisition of these strains. Of concern is the impact of cotrimoxazole prophylaxis on resistance to that drug and its role in multidrug resistance. The prevalence of cotrimoxazole resistance has increased markedly in South Africa since 1977 and has been found to be associated with multidrugresistant strains in children (31) . Over half of the isolates in our study were cotrimoxazole nonsusceptible, and use of this drug was more commonly reported in patients with multidrug resistance, although this was not statistically significant on multivariable logistic regression analysis. Also of interest is that tuberculosis treatment was a risk factor for MDR IPD, possibly reflecting the increased exposure of patients to rifampin, which is widely used in South Africa for the treatment of tuberculosis in children. In our study, IPD patients who had received TB treatment were significantly more likely to have rifampin-resistant isolates than those who had not received the treatment (data not shown) and, although such resistance in the former group was high at 18%, only 16% of all IPD cases were documented to have received TB treatment, equating to very little rifampin resistance overall. The emergence of fluoroquinolone-resistant pneumococci is of concern (53), but ongoing screening for resistance during this study period has not detected significant increases.
Our study confirms that a patient's prior use of antibiotics, both in the 24 h and the 2 months preceding sample collection, is a risk factor associated with MDR IPD (7) . It is thought that repetitive use of antibiotic agents exerts a selective pressure on the pneumococcal strains in the nasopharynx or at the site of infection, thus leading to the emergence of resistant strains and their rapid spread (4, 18, 33) . The relationship between antimicrobial resistance and exposure is complicated by the emergence of multidrug-resistant pneumococci that may be selected by several classes of antibiotics (30) . However, resistance typically imposes a bacterial fitness cost, expressed as reduced growth, virulence, or transmission (2), and as a result, models predict that significantly reduced consumption of antimicrobials will result in decreases in resistance (36) , as shown in campaigns in Finland (48) and Iceland (34) . Less commonly, the acquisition of an additional resistance plasmid or of a resistance mutation increases the fitness of a bacterial strain already resistant to antibiotics (49) . Further investigation is required to determine the extent to which MDR S. pneumoniae strains are affected by fitness costs and changes in antibiotic selective pressure. In South Africa, the sale of antibiotics is reasonably well controlled; however, incorrect prescribing practices by physicians in the public and private sectors is of concern and could be improved by the more prudent and appropriate prescription of antibiotics in an attempt to prevent the emergence and spread of resistance (47) .
Consistent with a Belgian study (52), we found provincial location to be associated with MDR IPD, with those residing in urban locations at a higher risk than individuals in more rural locations, probably due to increased exposure of the urban children to recent antibiotic use, past hospitalization, and more day care attendance.
As with most surveillance studies, this study had several limi- In a British study on the vaccine effectiveness (VE) of PCV13, VE in children was estimated to be 78% and IPD due to PCV13 serotypes was halved in children less than 2 years old (43) . In the United States, rates of resistant disease caused by PCV7 serotypes decreased 87% following vaccine introduction (35) . In our study, serotypes included in PCV13 accounted for 94% of multidrugresistant strains. Thus, the identification of PCV13 serotypes as a significant risk factor for multidrug resistance development suggests that the newly licensed pneumococcal vaccine, which reduces pneumococcal disease in both HIV-infected and -uninfected children (32) and which prevents the transmission of pediatric serotypes to adults (54), may reduce both antibiotic resistance and the burden of pneumococcal disease due to pediatric serotypes in South Africa (32, 35, 54) . However, it should be noted that following PCV7 introduction in the United States, nonvaccine serotypes acquired multidrug resistance at a rate proportional to the replacement of vaccine serotypes over a 5-year period (40) . As such, the low prevalence of multidrug-resistant nonvaccine strains may increase following PCV7 and PCV13 introduction in this country.
In conclusion, we found that younger and older age, HIV infection, PCV13 and pediatric serotypes, previous antibiotic use, previous hospital admissions, urban location, and tuberculosis treatment were associated with multidrug-resistant IPD in South Africa. These risk factors affecting individuals or groups of individuals could impact decision-making regarding prevention and treatment of pneumococcal disease in this and other developing countries. The effect of many of the risk factors could be reduced by the introduction of the pneumococcal conjugate vaccine (35) as well as highly active antiretroviral therapy (HAART) (44) and more judicious use of effective antibiotics. Continued comprehensive laboratory surveillance of IPD will assist in monitoring changes in antimicrobial resistance, as well as the impact of vaccination on both decreasing vaccine serotypes currently associated with resistance and the emergence of resistant nonvaccine serotypes.
